Metastatic disease is the primary cause of death of patients with lung cancer, but the mouse models of lung adenocarcinoma do not accurately recapitulate the tumor microenvironment or metastatic disease observed in patients. In this study, we conditionally deleted E-cadherin in an autochthonous lung adenocarcinoma mouse model driven by activated oncogenic Kras and p53 loss. Loss of E-cadherin significantly accelerated lung adenocarcinoma progression and decreased survival of the mice. Kras;p53;E-cadherin mice had a 41% lung tumor burden, invasive grade 4 tumors, and a desmoplastic stroma just 8 weeks after tumor initiation. One hundred percent of the mice developed local metastases to the lymph nodes or chest wall, and 38% developed distant metastases to the liver or kidney. Lung adenocarcinoma cancer cell lines derived from these tumors also had high migratory rates. These studies demonstrate that the Kras;p53;E-cadherin mouse model better emulates the tumor microenvironment and metastases observed in patients with lung adenocarcinoma than previous models and may therefore be useful for studying metastasis and testing new lung cancer treatments in vivo.
Clinical Relevance
These studies report a new mouse model of lung cancer that better emulates the tumor microenvironment and metastases observed in human lung adenocarcinoma patients. This mouse model may be useful for studying metastasis and testing new lung cancer treatments in vivo.
The majority of cancer-related deaths are caused by metastases, and lung cancer remains the leading cause of death from cancer worldwide, in large part because of its ability to aggressively metastasize. The surgeries and therapies used to treat lung tumors rarely prevent metastatic disease, and the average 5-year survival rate for non-small cell lung cancer (NSCLC) is a dismal 17% (1) . Very little is known about how lung tumor cells spread, and there is a scarcity of experimental systems to study metastatic lung cancer cells. New mouse models, which better recapitulate the high rates of metastatic disease observed in patients, need to be developed to improve understanding of metastatic lung cancer and combat this deadly disease.
There are several mouse models of lung adenocarcinoma, a type of NSCLC that accounts for 40% of total lung cancers, driven by activated oncogenic Kras and/or p53 loss. Adenomas and early-stage adenocarcinomas develop in Lox-StopLox-Kras G12D (Kras) mice after adenovirusexpressing Cre recombinase (AdCre) is delivered to the lungs, but none of these mice develop metastases (2, 3) . When p53 flox/flox (p53) mice are crossed with these Kras mice, advanced-stage lung adenocarcinomas develop in the resulting Kras;p53 animals after lung AdCre administration (2) . Some Kras;p53 tumors exhibit a desmoplastic stroma, and approximately 50% of Kras;p53 mice get metastases, most commonly to the mediastinal lymph nodes, a common site for metastases in patients with lung cancer (3) .
E-cadherin is a cell-cell adhesion transmembrane protein that functions to organize the epithelium by strengthening intercellular adhesions and maintaining cell polarity. Loss of E-cadherin expression is associated with translocation of b-catenin to the nucleus and subsequent transcription of target proteins and the epithelial-mesenchymal transition (EMT) (4) . During EMT, epithelial cells lose their intercellular contacts and become motile, invasive, and thus metastatic. Reduced or absent NSCLC tumor Ecadherin expression is associated with an increased risk of developing metastases and unfavorable overall survival (5) (6) (7) (8) , indicating that loss of E-cadherin is correlated with tumor progression and poor patient prognosis. E-cadherin loss is also associated with worse survival specifically in lung adenocarcinomas (9) (10) (11) .
In this study, we conditionally deleted E-cadherin in Kras;p53 murine tumors to generate Kras;p53;E-cadherin mice to determine if E-cadherin loss would accelerate lung adenocarcinoma progression and metastasis. We chose this model system because it is highly likely that E-cadherin is lost in a subset of human lung adenocarcinomas driven by oncogenic Kras and p53 loss. An average of 36% of lung adenocarcinomas have negative or low E-cadherin expression (9) (10) (11) , approximately 27% have oncogenic Kras mutations, and 50% have p53 mutations or loss of expression (12) . Loss of E-cadherin significantly decreased the survival of the mice. Tumors from Kras;p53;E-cadherin mice displayed higher rates of proliferation, greater amounts of desmoplastic stroma, and greater numbers of local metastases than Kras;p53 lung tumors. E-cadherin loss also promoted migration of lung adenocarcinoma cancer cell lines derived from these tumors. Our work demonstrates that this Kras;p53;E-cadherin mouse model better emulates the tumor microenvironment and metastases observed in patients with lung adenocarcinoma and may be useful in studying the mechanisms of metastasis and testing novel preclinical therapeutics.
Methods

Mice and Histology
All animal studies were approved by the Children's Hospital Boston Institutional Animal Care and Use Committee. LoxStop-Lox-Kras
G12D
;p53 flox/flox (Kras;p53, 129/C57BL/6) (3) and E-cadherin flox/flox (E-cad, C57BL/6) (13) mice were heterozygous for Kras and homozygous for p53 and E-cadherin alleles. Six-to 8-week-old male and female Kras;p53 (129/C57BL/6) and Kras;p53;E-cadherin (129/C57BL/6) mice were infected with 2.5 3 10 7 plaqueforming units of AdCre (University of Iowa Gene Transfer Vector Core) intranasally as previously described (14) , and mice were killed 8-18 weeks after infections or when appearing moribund. Survival curves were generated, and a log-rank (Mantel-Cox) statistical test was performed. Standard procedures were used to harvest and fix organs. Lung, liver, kidney, lymph nodes, and chest wall were dissected from the animals, and tissues were fixed in 4% paraformaldehyde and embedded in paraffin. Sections were stained with hematoxylin and eosin (H&E) in accordance with standard procedures and analyzed for tumors by at least two investigators, including a pathologist with expertise in mouse lung cancer (R.T.B. We first aimed to directly test if loss of E-cadherin in endogenous lung tumors would accelerate lung tumor progression and/or metastasis rates. Kras;p53 animals were bred with mice containing conditional E-cadherin-knockout alleles (E-cadherin flox/flox ) (13) to generate Kras; p53;E-cadherin mice. Kras;p53 and Kras; p53;E-cadherin mice were infected intranasally with AdCre adenovirus and killed when they were moribund ( Figure 1A ). Kras;p53 mice survived an average of 17.8 weeks after AdCre delivery ( Figure 1B ). They lived significantly longer than the Kras; p53;E-cadherin mice (P , 0.01), which survived only an average of 7.5 weeks after administration of AdCre ( Figure 1B ). Immunohistochemistry confirmed that E-cadherin was knocked out in the lung tumors of the Kras;p53; E-cadherin mice ( Figure 1C ). These studies demonstrate that loss of expression of E-cadherin in the Kras;p53 murine lung tumors dramatically reduced survival.
Loss of E-Cadherin in Kras;p53 Lung Tumors Increases Tumor Progression
To determine how lung tumor E-cadherin loss decreased survival, the histopathology of tumors from Kras;p53 and Kras;p53;Ecadherin mice 8 weeks after AdCre infection and Kras;p53 mice 18 weeks after AdCre infection were studied (see Figure E1A in the data supplement). First, the lung tumor burden, defined as the percentage of the total lung area filled with tumors, was measured. Strikingly, 8 weeks after AdCre infection, the lungs from the Kras;p53 mice contained an average tumor burden of 2%, whereas lungs from the Kras;p53; E-cadherin mice had a significantly higher average tumor burden of 41% (P , 0.01) ( Figure 2A ). There was no significant difference between the lung tumor burdens of Kras; p53;E-cadherin animals (41%) and those of Kras;p53 animals (34%) 8 and 18 weeks post-AdCre infection, respectively. Interestingly, at these time points, Kras;p53; E-cadherin and Kras;p53 mice had a significantly different number of tumors, with an average of 8.6 and 76.9 tumors per mouse, respectively (P , 0.01) ( Figure 2B ). This may be because the borders of the more advanced Kras;p53;E-cadherin tumors were not as well defined or because the Kras;p53;E-cadherin tumors were larger than the Kras;p53 tumors. Kras;p53 animals 8 weeks after AdCre infection had an average of 4.2 tumors per mouse ( Figure 2B ). These results demonstrate that it took an additional 10 weeks for the lungs from Kras;p53 animals to reach the same tumor burden as those from the Kras;p53;E-cadherin animals.
Next, the grade of each lung tumor was blindly scored by a pathologist, and the highest-grade lung tumor from each mouse was determined. Briefly, grade 1 tumors were uniform with normal nuclei; grade 2 tumors were uniform but had enlarged nuclei and prominent nucleoli; grade 3 tumors had enlarged cells with pleomorphic nuclei, prominent nucleoli, and nuclear molding; and grade 4 tumors had very large, pleomorphic nuclei with a high degree of nuclear atypia, giant multinucleated cells, and invasion into the blood or lymphatic vessels or through the basement membrane (14) ( Figure E1B ). Lung tumor grades from Kras;p53 mice were significantly less advanced than those from Kras;p53;Ecadherin mice 8 weeks after AdCre infection (P , 0.01) ( Figure 2C ). Whereas 20%, 60%, and 20% of the Kras;p53 mice contained at least one grade 1, 2, and 3 tumor, respectively, 100% of the Kras;p53; E-cadherin mice had at least one invasive grade 4 tumor ( Figure 2C ), indicating that all of the Kras;p53;E-cadherin mice had the potential to develop a metastasis. The majority of tumors of the Kras;p53 mice at 8 weeks, Kras;p53;E-cadherin mice at 8 weeks, and Kras;p53 mice at 18 weeks were grade 2, 4, and 3, respectively ( Figure E1C ), showing that Kras;p53;E-cadherin mice had the most advanced tumors. In fact, Kras; p53;E-cadherin animals had an average of 7.8 grade 4 tumors per mouse ( Figure 2D ). Kras;p53 mice 18 weeks post-AdCre had lung tumor grades similar to those of Kras;p53;E-cadherin mice 8 weeks after AdCre delivery. Fourteen percent and 86% of these Kras;p53 mice developed grade 3 and grade 4 tumors, respectively ( Figure 2C ), and the animals had an average of 1.7 grade 4 tumors per mouse ( Figure 2D ). These results demonstrate that loss of E-cadherin significantly and swiftly accelerated lung tumor progression.
Next, the amount of desmoplasia, which is the reactive fibronectin extracellular matrix (ECM) found in grade 4 murine lung adenocarcinomas, was measured by staining the tumors with Masson's trichrome, which stains nuclei black; cytoplasm, muscle, and erythrocytes red; and collagen blue ( Figure 2E ). An average of 59% of the tumors from the Kras;p53;E-cadherin animals 8 weeks after AdCre infection stained positive for collagen, whereas only 5% of the tumors from Kras;p53 animals 18 weeks after AdCre infection were positive (P , 0.01) ( Figure 2F ). This shows that E-cadherin loss significantly enhanced the amount of desmoplastic stroma in the lung tumors, even in matched grade 4 tumors from the Kras;p53 and Kras;p53;E-cadherin mice. These large regions of desmoplasia may also have made the Kras;p53;E-cadherin tumor borders difficult to distinguish.
To investigate the mechanism by which the Kras;p53;E-cadherin lung tumors advanced so quickly, tumors from both genotypes of animals were stained for markers of proliferation, apoptosis, and angiogenesis and blindly scored by a pathologist. Lung tumors were first stained for Ki-67, a marker of proliferation, and scored on a 0-3 scale, with a score of 0 indicating absent staining and a score of 3 indicating a strong staining intensity ( Figures 3A and E2A) . The Ki-67 proliferative score of the Kras;p53;E-cadherin tumors significantly decreased as the tumors advanced: Grade 1 tumors had significantly higher scores than grade 4 tumors; grade 2 tumors had significantly higher scores than grades 3 and 4 tumors; and grade 3 tumors had significantly higher scores than grade 4 tumors (P , 0.03) ( Figure 3B ). Although the Kras;p53;E-cadherin tumors proliferated less as they progressed, there were no differences in Ki-67 staining scores between the grades 1-4 tumors in the Kras;p53 mice at 8 or 18 weeks postAdCre ( Figure E2A ). Comparisons between the genotypes revealed that grade 2 Kras; p53;E-cadherin tumors were more proliferative than the Kras;p53 tumors at both 8 and 18 weeks after AdCre (P , 0.01) ( Figure 3C ). Although these results suggest that the early-grade Kras;p53;E-cadherin lung tumors may be highly proliferative and contribute to the rapid tumor progression observed in these mice, it must be noted that the grades 1 and 2 tumors still express E-cadherin, as described below ( Figure 4D) . Changes in the microenvironment may therefore be affecting the proliferation of these early-grade tumors. For example, the proliferation of fibroblasts and dense deposition of ECM that occur during desmoplasia have been shown to promote tumor growth through degradation of ECM components and subsequent release of growth factors normally sequestered in the ECM (15) . Lung tumors were next stained for cleaved caspase 3, a marker of apoptosis. Lung tumors from both groups of animals at all time points had only sparse cleaved caspase-3-positive cells ( Figure 3D ). These slides were unable to be scored by a pathologist owing to the very low number of positive cells, indicating that loss of E-cadherin did not affect tumor apoptosis rates. Lung tumors were also stained for CD34, a marker of blood vessel endothelial cells, and scored on a 0-2 scale, with a score of 0 indicating an absence of staining and a score of 2 indicating a strong staining intensity ( Figures 4A and E2B ). There were no differences in CD34 staining scores between the tumor grades of each genotype and AdCre time point ( Figure  E2B ). The grade 2 Kras;p53 tumors at 8 weeks post-AdCre infection had significantly fewer CD34-positive cells than the Kras;p53;E-cadherin and Kras; p53 tumors at 8 and 18 weeks after AdCre infection, respectively (P , 0.04) ( Figure 4B ). It therefore took an additional 10 weeks for the grade 2 lung tumors from the Kras;p53 animals to exhibit the same number of blood vessels as the Kras; p53;E-cadherin animals. However, the fact that there were no differences in CD34 scores between grade 1, 3, or 4 tumors among the groups of animals ( Figure E2B ) indicates that loss of E-cadherin did not robustly affect angiogenesis.
Lung tumors were also stained for E-cadherin and scored on a 0-3 scale, with a score of 0 indicating an absence of staining and a score of 3 indicating a strong staining intensity (Figures 4C and E2C) . As expected, grades 3 and 4 tumors from Kras;p53;E-cadherin mice showed virtually no E-cadherin expression, suggesting that loss of E-cadherin leads to growth of the grades 3 and 4 tumors; however, 100% of grades 1and 2 tumors had E-cadherin expression (P , 0.01) ( Figure 4D ). This mostly likely indicates that the tumor recombination frequency of the E-cadherin allele is not 100%, so some of the grades 1 and 2 tumors may simply be Kras or Kras;p53 lesions. In support of this hypothesis, it has been reported that only 80% of tumors from Kras;p53 mice have recombination of the floxed p53 allele (3). Notably, grade 4 Kras;p53 tumors all expressed some level of E-cadherin, indicating that there was patchy but not whole tumor loss of E-cadherin in these tumors ( Figure E2C ).
Lung tumors were finally stained for Nkx2-1, a dual-function lineage transcription factor, and scored on a 0-4 scale, with a score of 0 indicating an absence of staining and a score of 4 indicating a strong staining intensity ( Figure E3A ). Nkx2-1 expression was lower in higher-grade Kras;p53 tumors (P , 0.01) (Figure E3B ), as previously shown (16) . There was also a trend of grade 4 Kras;p53;E-cadherin tumors having lower Nkx2-1 expression, but this difference was not statistically significant ( Figure E3B ). In addition, grade 4 Kras;p53 tumors had significantly lower Nkx2-1 expression than grade 4 Kras;p53;E-cadherin tumors (P , 0.01) ( Figure E3B ). Nkx2-1 downregulation may therefore contribute to loss of differentiation and increased metastases in both models (16) , but reduced Nkx2-1 expression may be less crucial when E-cadherin expression is already lost.
Loss of E-Cadherin in Kras;p53 Lung Tumors Increases Metastasis
The metastases from the Kras;p53 and Kras; p53;E-cadherin lung tumors were next compared. Histology revealed metastases in the lymph nodes, liver, and kidney ( Figure E4A ). Whereas no Kras;p53 mice had any metastases 8 weeks after AdCre infection, 100% of Kras;p53;E-cadherin animals had local metastases to the lymph nodes or chest wall (P , 0.01), and 38% had distinct metastases to the liver or kidney ( Figure 5A ). Seventy-one percent and 14% of Kras;p53 mice developed local and distant metastases, respectively, 18 weeks after AdCre infection. There was no significant difference in metastasis rates between Kras;p53;E-cadherin mice 8 weeks post-AdCre infection and Kras;p53 18 weeks after AdCre infection ( Figure 5A ), indicating that it took an additional 10 weeks for the lung tumors from Kras;p53 animals to metastasize to the same degree as those from the Kras;p53;E-cadherin animals. However, Kras;p53;E-cadherin mice had an average of 6.5 local metastases per mouse, which was significantly higher than the average of 1.3 local metastases seen in the Kras;p53 animals at these time points (P , 0.01) ( Figure 5B ). All the lymph node metastases from Kras;p53 animals contained well-differentiated epithelial cells with high E-cadherin expression and little stroma, whereas the lymph node metastases from the Kras;p53;Ecadherin mice contained large areas of stroma with no E-cadherin expression ( Figures E4B and E4C) . The average number of distant metastases and the average size of both the local and distant metastases were similar between the genotypes ( Figures  5C-5E ). These results indicated that loss of E-cadherin in the Kras;p53 lung tumors significantly accelerated metastasis.
Finally, cell lines from Kras;p53 and Kras;p53;E-cadherin primary lung tumors were generated and characterized. Two cell lines derived from primary Kras;p53;Ecadherin lung tumors (Ecad-1 and Ecad-2) expressed 35-fold less E-cadherin transcript than the two cell lines derived from Kras;p53 primary lung tumors (CK1750 and SC241) ( Figure 6A ). Migration assays showed that Kras;p53; E-cadherin lung tumor cell lines were 2.7-fold more migratory than the Kras;p53 cell lines ( Figure 6B ). Importantly, proliferation was not significantly different between the Kras;p53 and Kras;p53;Ecadherin cell lines at 24 hours ( Figure 6C ), confirming that differences in migration rates were not attributable to altered proliferation. These studies demonstrate that loss of E-cadherin influences the migration step of the metastatic cascade.
Discussion
Our studies show that loss of E-cadherin accelerates lung adenocarcinoma progression and metastasis. Kras;p53 mice survived 2.4 times longer than Kras;p53;E-cadherin mice. The severe decrease in survival of the Kras;p53;E-cadherin mice was most likely due to the large lung tumor burden that developed just 8 weeks after AdCre infection. The Kras;p53;E-cadherin mice quickly developed invasive grade 4 tumors with a desmoplastic stroma. Desmoplasia gives structural support to tumor cells and is associated with tumor-associated fibroblasts and more aggressive/metastatic lesions (17, 18) . It is commonly observed in NSCLC tumors, but it is not frequently found in mouse NSCLC models, so the Kras;p53;E-cadherin mouse phenotype more closely recapitulates human disease. All of the Kras;p53;E-cadherin mice had local metastases to the lymph nodes or chest wall, and 38% had distant metastases to the liver or kidney, showing that metastatic rates were also increased when E-cadherin expression was lost in the Kras;p53 tumors. Although distant metastases kill the majority of patients with lung cancer, the Kras;p53;E-cadherin mice most likely die of their lung tumor burden. Because the Kras; p53;E-cadherin mouse tumors progress so quickly, it may be useful to lower the AdCre infection titer in the future so that fewer cells are infected and fewer tumors are initiated in the lungs. This may lower the lung tumor burden and allow the mice to survive longer so that more tumor cells are able to metastasize to distant sites.
When E-cadherin was conditionally deleted using doxycycline in a lung adenocarcinoma model driven by C-Raf in alveolar type II cells, large invasive tumors grew, which were positive for the endothelial marker CD31 (19) . After a long latency of over 9 months, 25% of the mice developed lymph node micrometastases. Whereas we also saw an increase in metastasis rates when E-cadherin was conditionally deleted from Kras;p53 tumors, we did not observe an increase in tumor vascularization. We also observed metastases after 2 months. These disparities may be due to differences in oncogenic Kras versus C-Raf tumor initiation. Notably, Kras is mutated much more frequently than C-Raf, also known as Raf-1, in lung adenocarcinomas (20) . The Kras;p53;E-cadherin mouse model may therefore be more reflective of patient disease than other existing mouse models.
The cell lines developed from the Kras;p53;E-cadherin tumors were more migratory than those from the Kras;p53 tumors. Loss of E-cadherin is therefore important in the migration step of the metastatic cascade, but it could affect other steps as well. These cell lines will be a valuable resource for future mechanistic studies.
Finally, it is important to note that the role of EMT in metastasis has been debated. Recent lineage-tracing experiments using various EMT promoters driving Cre expression have shown conflicting results, with some supporting a role of EMT in metastasis and others showing that EMT is dispensable for the process (21) (22) (23) . This is most likely because the plasticity of epithelial and mesenchymal marker expression is difficult to recapitulate using a single promoter (24) . Another controversy is that metastases usually have an epithelial and not mesenchymal morphology (24) . Several mouse model studies with inducible EMT transcription factor expression have shown that cancer cells may use EMT to disseminate to other sites but then return to an epithelial state through a mesenchymal-epithelial transition to grow in these secondary sites (25, 26) . The role of E-cadherin may therefore be context specific. Notably, the metastases of the Kras;p53;E-cadherin mice look similar to the grade 4 primary tumors and do not express E-cadherin ( Figures E4B and E4C) . One possible caveat of the Kras;p53;E-cadherin mouse model may therefore be that the metastases do not undergo mesenchymal-epithelial transition and return to an epithelial state. In addition, it has been shown that tumor cells can induce local stromal cells to become reactive and contribute to tumor cell invasion and metastasis through secretion of protumorigenic factors (27) . Epithelial E-cadherin loss may therefore not be crucial for metastasis in all tumor types. The Kras;p53;E-cadherin mice will be most useful for gaining an understanding of the metastatic process in which epithelial cells have undergone E-cadherin loss.
Taken together, our studies support previous findings that E-cadherin is an important regulator of lung adenocarcinoma progression and metastasis. Kras;p53;Ecadherin mice rapidly develop advanced lung adenocarcinomas with a desmoplastic stromal microenvironment and many metastases just 8 weeks after tumor initiation. This mouse model may therefore be used to study the molecular mechanisms driving desmoplasia and metastasis in lung tumor biology and to test new therapies that target these processes. n ) and KpE cell lines (Ecad-1, Ecad-2) using CellTiterGlo viability assays (Promega) 24 hours after plating. n = 8. All error bars represent mean 6 SEM. *P , 0.02; **P , 0.04.
